ABSTRACT In this paper, silicon-based Hall cross sensors with different device dimensions and carrier densities are designed and fabricated. Low frequency noise behavior regarding to the device dimension and carrier density of the Hall cross sensors has been successfully characterized. Based on the measured 1/f -dependent low frequency noise spectral density and the theoretically calculated geometrical factors using a finite-element analysis tool, the noise voltage is calculated and Hooge's constant is reliably extracted. The signal-to-noise ratio is thus calculated and experimentally verified. This paper provides a guidance for the optimal design of Hall cross sensors.
I. INTRODUCTION
Hall plates are widely employed in sensing applications, such as compass sensors [1] , current sensors [2] , and biosensors [3] . Among various shapes of the Hall plates, Hall cross is most frequently used because of its high geometrical factor even for small size devices [4] . For various kinds of Hall sensors made of different materials, silicon-based Hall sensors have the advantage of being compatible with functional integrated circuits in the sensing system. Besides the sensing performance [5, 6] , low frequency noise of a Hall sensor is also an important issue of concern. In some applications, the low frequency noise could be reduced externally, such as utilizing spinning current technique, where the sensor input and sense terminals are periodically alternated [7] . However, to understand and reduce the inherent low frequency noise in the Hall sensors is also necessary. In previous work, low frequency noise as a function of the bias current was investigated [8] , effects of device shape on lowfrequency noise in symmetrical planar Hall sensors were also reported [9, 10] , while the important parameter signalto-noise ratio for the Hall devices have not been thoroughly studied [8] [9] [10] .
In this paper, silicon-based Hall cross sensors with different variable parameters, such as device length (L), arm width (W), active area (A), and carrier densities are designed and fabricated based on standard CMOS process. Low frequency noise characteristics and signal-to-noise ratio (SNR) performance of the Hall cross sensors are theoretically investigated and experimentally verified. 1/f dependence behavior of the Hall cross device is observed and the Hooge's constant characterizing the noise is reliably extracted. Theoretical calculation of SNR is performed with the calculation of noise-related geometrical factors through simulation of the current density distribution within the active region by a two-dimensional finite-element analysis (FEA) tool. The theoretical calculation agrees well with the experimental measurement results, which confirms the accuracy of the calculation and also provides guidelines for the optimal design of Hall cross sensors.
II. EXPERIMENTS
The schematic plane view and cross-sectional view of the fabricated Hall sensors in this study are shown in Fig. 1 . The devices were fabricated with 0.5 µm CMOS technology. Cross-shaped n-type active regions of two different doping 2168-6734 c 2015 IEEE. Translations and content mining are permitted for academic research only.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 365 levels were firstly formed on p-type Si substrate by phosphorus implantation at the same energy of 120 keV with a dose of 1.6 × 10 13 and 3.2 × 10 13 cm −2 , respectively, which defined the device length (L) and arm width (W) as indicated in Fig. 1(a) . Then a p + shielding region was formed on the top of the active area by boron implantation at 30 keV with a dose of 2 × 10 15 cm −2 , which will be grounded during device operation to form a reversed PN junction so that current flowing at the surface is prevented and any parasitic surface effects are reduced. Subsequently, n + contact areas were defined by heavy implantation of phosphorus at 80 keV with a dose of 2 × 10 15 cm −2 . The dopants were activated through an annealing at 940 • C for 40 min in nitrogen atmosphere. After depositing an oxide insulating layer, contact holes were opened before Al metallization and subsequent forming gas anneal. The net dopant depth profiles of the Hall sensors with two different doping levels in the active layer are simulated with Tsuprem4 and shown in Fig. 2 . The carrier density (N s ) in the active region is calculated by integrating net doping concentration within the depth of the active layer as: Noise behavior of Hall sensors is not only related to the carrier density but also to the carrier mobility. The average carrier mobility (μ) can be calculated from the resistance between the two input terminals of the Hall cross, which can be expressed as:
where R h is the resistance measured between the input terminals D1 and D2 of the Hall cross, R S is the sheet resistance of the active layer, q is the elementary charge, and m is the number of squares of the device structure. Square number m of the Hall cross structure can be calculated with a two-dimensional FEA simulation tool ANSYS. Since m depends on the planar geometry of the cross only, in the simulation the active layer thickness and R S can be arbitrarily assumed as 1.0 µm and Fig. 3 is the simulated current density distribution in the Hall cross, where a voltage of 1.0 V is applied. Thus, the resistance (R) of the simulated structure is easily calculated using Ohm's law, and m is determined from m = R/R S . On the other hand, R h of the fabricated Hall cross can be experimentally measured. With m and N s readily obtained, the average carrier mobility (μ) in the active layer can be extracted using Eq. (2) to be 665 or 605 cm 2 /(V·s) for the low or high doping level, respectively.
III. THEORETICAL ANALYSIS
Constant current operation mode is chosen in this study as it can provide better temperature stability than constant voltage operation mode [4] . Constant current I is applied through input terminals D 1 and D 2 (see Fig. 1 (a)), which is along the <100> orientation [11] . With the presence of a magnetic field (B) perpendicular to the device surface, a Hall voltage (V H ) will be built-up between the sense terminals Q 1 and Q 2 . In an ideal case with a rectangular active area of infinite length, V H can be expressed as:
A geometrical correction factor (G H ) needs to be introduced to take into account the actual shape of the active region. For a Hall cross under a small magnetic field, G H can be expressed as [6] :
A high G H is preferred for better sensitivity and it can be obtained by choosing a larger L/W ratio. For example, G H is 0.95 for L/W = 3.0, which is fairly close to 1 in the ideal case. By including the geometrical correction factor, V H of a Hall cross becomes:
366 VOLUME 3, NO. 4, JULY 2015
The noise voltage (V N ) between the sense terminals of the Hall cross can be characterized by the noise spectral density S Q [12] as:
where f 1 and f 2 are the lower and upper bound of the frequency range in which V N is considered. For most applications concerning the low frequency noise, such as geomagnetic field sensing, a frequency range of 1 to 50 Hz is adequate for calculation of V N . To be conservative, the measurement frequency range in our experiment is chosen as 1 to 100 Hz. Following Hooge's empirical relation [12] , the noise spectral density between the sense terminals of a Hall cross is expressed as:
where α is the Hooge's constant related to fabrication process, β ≈ 1, N is the total number of carriers in the active region of the Hall cross, A is the area of the active region, and F Q is a geometrical reduction factor between the sense terminals. Similarly, the noise spectral density between the two input terminals of a Hall cross is:
where F D is a geometrical reduction factor between the input terminals of the cross structure.
Geometrical factors F Q and F D depends on the twodimensional current distribution in the Hall cross [9, 13] as follows: where i x , i y are x and y components of the local current at a given area element within the active region in the normal configuration, whileĩ x andĩ y are the corresponding x and y current components after the input and sense terminals are exchanged. Factors F Q and F D depend on L/W ratio of the Hall cross only. In previous work, they were estimated either by simulation of a resistor network using SPICE but with a limited accuracy [9] or by analytical calculation for highly symmetric structures [13] . In this study, current components at any given node within the active region can be obtained by simulation with an FEA tool ANSYS. Thus, according to Eq. (9) or (10), F D or F Q can be calculated by summating the respective current products over the entire active area and then dividing I 4 by the summation. In Fig. 4 Substituting (7) into (6), one obtains:
Thus the signal-to-noise ratio (SNR) is obtained as:
IV. CHARACTERIZATION AND DISCUSSION
Fabricated prototype Hall sensors are singulated to a size of 0.3 mm×0.3 mm and mounted on PCBs. A magnetic field B is applied by a CED TM Helmholtz coil, and is measured by a Gauss meter CED TM CH-1500B, which is equipped with a high accuracy low field probe with measurement range of ±300 µT. Fig. 5 shows the schematic noise measurement setup, where a high-pass filter, a low noise filter, a dynamic signal analyzer Agilent 35670A, and two shielding boxes are included. The Hall device is driven by a constant VOLUME 3, NO. 4, JULY 2015 367
current I = 1 mA. At such an input current level, V H under the highest applied field of 300 µT will be as small as ∼ 35 µV. The small voltage signal first passes through the high-pass filter, then it is amplified by a ×1000 differential amplifier before entering the dynamic signal analyzer to measure the noise spectral density S Q . The cut-off frequency of the high-pass filter is 3 Hz, which blocks any DC signals from the sense terminals of the Hall cross because the input of the amplifier has a static voltage limit. Shielding box A shields the device under test only while box B shields both the box A and the amplifier. It is worth mentioning that the measured S Q contains noise signal from both the Hall device and the amplifier and is denoted as S Q1 . Then S Q2 is measured with the terminals Q1 and Q2 cut off and the noise spectral density comes from the amplifier only. Thus the difference between S Q1 and S Q2 is dominated by the noise spectral density from the Hall device, which however, still includes effect of the filtering and amplification. Thus, the net noise spectral density S Q is calculated as: (13) where G = 1000 is the amplification factor, and H = j2π fR f C f 1+j2π fR f C f is the transfer function of the filter with its resistance R f = 10k and capacitance C f = 4.7 µF. From Eq. (7) and (8), one sees that the noise spectral density ratio between the sense and input terminals is S Q /S D = F D /F Q . Thus it is feasible to calculate the noise ratio with F D /F Q obtained from the FEA method. In Fig. 6 , calculated and measured noise ratios of S Q /S D are compared, together with the calculated data from previous work [9] . The calculated noise ratios of this work agree well with the measured values. The agreement confirms that the calculation of F D and F Q based on FEA simulation is accurate, and the 1/f noise measurement is also reliable. However, one also notes that as L/W ratio is low there is a large discrepancy between the calculated S Q /S D ratios of this work and those in the literature [9] . In fact, as L/W approaches 1.0 a Hall cross approaches a square, the current products i xĩx and i yĩy must approach zero at any given element. Thus, the ratio 2 should also be zero (see Fig. 6 ). So it is unreasonable that in previous work [9] the calculated noise ratio S Q /S D still keeps increasing as L/Wapproaches 1.0. Measured S Q of Hall devices with L/W = 36 µm/15 µm is shown in Fig. 7 . It follows 1/f behavior with β ≈ 1.1 for both doping levels. By integrating the experimentally measured S Q based on Eq. (6), the noise voltage V N is obtained for each Hall sensor and plotted against (AF Q ) −1/2 for both doping levels as shown in Fig. 8 , which reflects its geometry dependence. Based on Eq. (11) and calculated F Q as shown in Fig. 4 , the Hooge's constant α can be extracted for each device from V N . It is found to vary among different devices. In average α is 3.2±0.6×10 −5 and 2.2±0.5×10 −5 for devices with low and high doping levels, respectively. The extracted α agrees with the typical value of 10 −6 − 10 −4 for Si devices [14] , where α is lower in heavily doped devices. It is within expectation since α is lower for devices with lower carrier mobility [15] .
However, though the measured V N could be linearly fitted as a function of (AF Q ) −1/2 , the data are largely scattered. Since α is a process-related parameter, and should have no geometry dependence, an adjustment can be done , where both α and μ are also functions of the doping level. Thus, the slope is primarily determined by the doping concentration. Although both μ and α are lower for a higher doping level, such dependencies are relatively weak compared to the factor N −3/2 S . Therefore, for any given device geometry, V N is much smaller at a relatively higher doping level. The prediction is clearly confirmed by the observation in Fig. 8 . Using the respective slopes of the plots (99.9 and 34.6 µV·µm for the low and high doping levels), together with α and μ values extracted for both levels, one can derive that V N ∝ N −1.5 S , which is consistent with theoretical prediction. With V H and V N available, the signal-to-noise ratio SNR is calculated for the Hall cross sensors under a magnetic field of B = 100 µT. According to Eq. (12), one predicts that SNR is proportional to G H (AF Q ) 1/2 at a given doping level, which is confirmed by the plots of measured SNR vs. G H (AF Q ) 1/2 in Fig. 9(a) . For devices with a given L/W ratio where G H and F Q are fixed values, SNR is simply proportional to the square root of the device active area A 1/2 , which indicates that a larger active area at a constant L/W ratio is preferred for a higher SNR. Fig. 9(b) shows the dependence of SNR on L/W ratio at fixed W = 20 µm, where symbols and lines represent experimental and theoretical results, respectively. There are 4 L/W ratios from 2 to 2.8. For both doping levels, the highest SNR is obtained at L/W = 2.8. Calculation based on Eq. (12) and Eq. (4) agrees well with the observed dependence, which shows a maximum at L/W of 2.8 ∼ 3.0. The result is consistent to a previous report [16] , which reported a highest SNR at L/W = 3. When L/W ratio is smaller than 3.0, variation of G H dominates the dependency of SNR on L/W ratio. On the other hand, at larger L/W ratios G H will gradually saturate to 1.0 while F Q will continue to gradually decrease (see Fig. 4 ), thus SNR will decrease gradually for L/W ratio larger than 3.0. Thus, it is well reasonable to have a maximum SNR at a medium L/W ratio. Combining the theoretical analysis and experimental observation of SNR of Hall cross sensors, L/W of 2.8 ∼ 3.0 is considered to be a beneficial geometry to achieve a high SNR. From Fig. 9 one further notices that a higher SNR is achieved for the Hall cross with the high doping level. This is because higher doping level increases the carrier number and reduces α, both of which can suppress the 1/f noise. However, there is a limit in noise reduction by continuous increasing the doping level because mobility degradation at heavy doping will result in an increase in V N (see Eq. (6) and Eq. (7)). In this study, silicon Hall cross is optimized with larger SNR as the first priority. For the purpose, a relatively large L/W ratio around 2.8 ∼ 3.0, and a larger active area is preferred. However, it means larger chip area and cost at the same time. For Hall sensors operated under the constant current mode, a relatively higher doping level VOLUME 3, NO. 4, JULY 2015 369
is a preferred choice. It increases carriers number and reduces α, both of which can suppress the 1/f noise, but lower sensitivity too. For applications in portable equipments, power consumption is also a concern. Both power consumption and sensitivity are proportional to N −1 s , while
s . Such dependencies mean that optimization of SNR and power consumption by increasing doping must sacrifice device sensitivity. A relatively lower sensitivity can be compensated by peripheral amplifier circuits, while a higher SNR means better capability of the low field detection. But there is a limit in the noise reduction by continuous increasing the device doping, since heavy doping causes mobility degradation and also introduces more defects, limiting the elevation of SNR. On the other hand, lower sensitivity also means a larger amplification factor is required, which requires more complicated peripheral circuits with higher noise level from the circuits. If circuit noise increases to be comparable to the device noise, lowering the device noise would be ineffective for additional enhancement of the system performance any more.
V. CONCLUSION
In this study, silicon Hall cross sensors with different length-to-width ratios, doping levels and active areas are fabricated and the low frequency noise behavior is successfully characterized. Geometrical factors at the input and sense terminals are calculated with the current density distribution simulated with a FEA tool, and the noise spectral density ratio between the sense and input terminals is further estimated with a reasonable and accurate dependence trend on L/W ratio and active area. Theoretically calculated signalto-noise ratio for the Hall cross sensors agrees well with experimental results. It is found that a relatively higher carrier density, larger active area and an L/W ratio around 2.8 ∼ 3.0 is beneficial for a higher SNR. Thus the analysis of the noise performance in this paper provides a guidance for the optimal design of Hall cross sensors.
